Basal autophagy is tightly regulated by transcriptional and epigenetic factors to maintain cellular homeostasis. Dysregulation of cardiac autophagy is associated with heart diseases, including cardiac hypertrophy, but the mechanism governing cardiac autophagy is rarely identified. To analyze the in vivo function of miR-199a in cardiac autophagy and cardiac hypertrophy, we generated cardiac-specific miR-199a transgenic mice and showed that overexpression of miR-199a was sufficient to inhibit cardiomyocyte autophagy and induce cardiac hypertrophy in vivo. miR-199a impaired cardiomyocyte autophagy in a cellautonomous manner by targeting glycogen synthase kinase 3β (GSK3β)/mammalian target of rapamycin (mTOR) complex signaling. Overexpression of autophagy related gene 5 (Atg5) attenuated the hypertrophic effects of miR-199a overexpression on cardiomyocytes, and activation of autophagy using rapamycin was sufficient to restore cardiac autophagy and decrease cardiac hypertrophy in miR-199a transgenic mice. These results reveal a novel role of miR-199a as a key regulator of cardiac autophagy, suggesting that targeting miRNAs controlling autophagy as a potential therapeutic strategy for cardiac disease. Autophagy is a catabolic process initiated upon starvation, cellular stress, accumulation of damaged organelles or protein aggregates, which has a critical role in cardiac homeostasis and pathologies, including cardiac hypertrophy.
Autophagy is a catabolic process initiated upon starvation, cellular stress, accumulation of damaged organelles or protein aggregates, which has a critical role in cardiac homeostasis and pathologies, including cardiac hypertrophy. 1 There are controversial concepts regarding the function of autophagy in cardiac hypertrophy. Autophagy has been shown to have a protective role in cardiomyocytes. [2] [3] [4] [5] Impaired autophagy induced by deficient autophagy-related genes (Atgs), Atg7 or Atg5, leads to cardiac hypertrophy and contractile dysfunction, 2, 3 while sustained Atg7-induced autophagy ameliorates ventricular dysfunction and cardiac hypertrophy in a mouse model of desmin-related cardiomyopathy. 4 Inhibition of autophagy caused by Mst1 (mammalian Ste20-like kinase 1) also promotes cardiac dysfunction in mice subjected to myocardial infarction. 5 On the other hand, autophagic activity has been shown to be harmful for cardiac homeostasis. 6, 7 Heterozygous deletion of Beclin1 (Atg6), a gene required for the initiation of autophagosome formation, reduces autophagic activity and improves cardiac function upon pressure overload. 6 Autophagy suppression by histone deacetylase inhibitors decreases pressure overload-induced cardiac hypertrophy in mice. 7 A possible explanation for this contradiction is that the cardiac homeostasis is maintained by sophisticatedly balanced autophagy. However, mechanisms governing cardiac autophagy are still largely unknown.
MicroRNAs (miRNAs) are small, endogenous noncoding RNAs, which inhibit the expression of specific genes at the posttranscriptional level by binding with the 3′-untranslated region (3′-UTR) of target mRNAs. 8 miRNAs have been shown to have important roles in regulating cardiac hypertrophy and heart failure. [9] [10] [11] [12] Although a considerable number of miRNAs are shown to be key regulators of autophagy, 13 only a few miRNAs participating in cardiac autophagy have been discovered until recently. 14, 15 Nevertheless, how miRNAs regulate cardiac autophagy and cardiac hypertrophy is underexplored.
miR-199a is frequently upregulated in pressure-overloaded hypertrophic hearts. [16] [17] [18] In vitro studies have shown that miR-199a regulates cell size of cardiomyocyte. 19 It has been shown that antagomir-mediated knockdown of miR-199a and miR-214 improved cardiac function of transverse aortic constriction pressure overload mice by regulating fatty acid metabolism. 18 However, the in vivo causal link between miR-199a overexpression and cardiac hypertrophy is still lacking. Here we generated cardiomyocyte-specific miR-199a transgenic mice to show that miR-199a overexpression induced cardiac hypertrophy and heart failure. We demonstrated that miR-199a could inhibit cardiomyocyte autophagy in a cell-autonomous manner by activating mammalian target of rapamycin (mTOR) complex signaling. Moreover, activation of autophagy by overexpression of Atg5 or rapamycin treatment increased cardiomyocyte autophagy and attenuated cardiac hypertrophy induced by miR-199a overexpression.
Results
Cardiomyocyte-specific overexpression of miR-199a induces cardiac hypertrophy and cardiac dysfunction in mice. miR-199a was upregulated in heart samples from mouse models of pressure overload-induced cardiac hypertrophy and human heart failure (Supplementary Figures S1A  and B) . To study the consequences of miR-199a overexpression in vivo, we generated two cardiomyocyte-specific miR-199a overexpression transgenic mouse lines. Real-time PCR and Northern blotting results revealed that miR-199a was successfully overexpressed specifically in the transgenic hearts ( Figure 1a and data not shown). The miR-199a transgenic mice developed obvious cardiac hypertrophy at 3 months of age and processed to heart failure at about 7 months of age. The transgenic mice exhibited enlarged hearts ( Figure 1b ) and higher heart weight/body weight (HW/BW) ratios (Figure 1c ) than sex-matched littermate wild-type controls. The fetal genes such as atrial natriuretic factor (ANF), brain natriuretic peptide (BNP), myosin heavy chain β (β-MHC) and skeletal muscle and cardiac actin (SKA) were significantly upregulated in the heart tissues from miR-199a transgenic mice (Figure 1d ).
To ascertain whether the increased heart size was due to cell growth (increase in cell size) or cell proliferation (increase in cell number), we first assessed cardiomyocyte proliferation by BrdU labeling experiment. The cardiomyocyte proliferation ratio of the miR-199a transgenic mice was not significantly different from the littermate controls (Supplementary Figure  S1C) . Cross-sections of the hearts confirmed that left ventricle (LV) was enlarged (Figures 1e and f) and the size of cardiomyocytes was increased in the transgenic mice (Figures 1g and j) . Masson staining of cardiac section demonstrated increased cardiac fibrosis in the transgenic hearts (Figures 1k and l) . Quantitative measurement of miR-199a transgenic cardiomyocytes revealed a 35% increase in cell cross-sectional area relative to controls (Figure 1m ). The fibrosis markers, type I collagen (Col1) and Col3, were also significantly upregulated in the transgenic hearts (Figures 1n and o) .
To evaluate the effect of miR-199a overexpression on cardiac function, we assessed the LV dimensions and the systolic functions of 3-and 7-month-old miR-199a transgenic mice by using M-mode echocardiography (Figure 2a and Supplementary Table S1 ). The miR-199a transgenic mice showed increased LV mass (Figure 2b ). The thickened LV walls (LVPWd and LVAWd) (Figures 2c and d) and an increase in the LV internal diameter in systole (LVIDs) were observed in miR-199a transgenic mice (Figure 2e ). In addition, the ejection fraction and fractional shortening, two echocardiographic indexes of LV contractile function, were found to be decreased in the miR-199a transgenic mice (Figures 2f and g ). These observations indicate that miR-199a overexpression is sufficient to induce cardiac hypertrophy and the impairment of cardiac function.
miR-199a inhibits cardiac autophagy and activates mTOR signaling in mice. To examine whether the ultrastructural architecture was influenced by miR-199a overexpression, LV tissues obtained from transgenic and control mice were subjected to electron microscopy. We found that the number of autophagic vacuoles was decreased in the miR-199a transgenic hearts compared with that of control hearts (Figure 3a) . We next determined to identify whether cardiac autophagy was impaired in miR-199a transgenic mice. The autophagic marker genes, such as Atg5, Atg12, Beclin1 and LC3B, were dramatically decreased in the transgenic hearts (Figure 3b ). We then explored the alteration of LC3B and p62 in the control and Tg hearts under fed and starved conditions. We found that the LC3B lipidation (LC3B-II/LC3B-I ratios) and transcriptional levels were lower, whereas autophagy substrate p62 levels were higher in the miR-199a-overexpressing transgenic hearts compared with that of the control hearts under both fed and starved conditions (Figure 3c and Supplementary Figure S2A) , indicating an inhibitory effect of miR-199a on cardiomyocyte autophagy. Starvation induced LC3B lipidation and transcript level no matter whether miR-199a was overexpressed (Figure 3c and Supplementary Figure S2A) , indicating that the Tg hearts did not completely lose the response to autophagic stimuli. However, starvation failed to significantly decrease p62 level in the control hearts and rather induced a slight increase of p62 in the Tg hearts ( Figure 3c ). So we detected the transcriptional level of p62, which was upregulated under starved condition (Supplementary Figure S2B) , suggesting a transcriptional upregulation of p62 in response to starvation and some unknown mechanism of p62 regulated by miR-199a. Because decreased levels of LC3B-II could be caused by either decreased LC3B synthesis or enhanced LC3B degradation, we then performed autophagic flux assay using lysosomal inhibitor chloroquine (CQ) to block lysosomal function and thus LC3B degradation. CQ treatment effectively increased the LC3B-II and p62 levels both in the control and Tg hearts, while the Tg hearts displayed inhibited autophagy under both conditions, indicating that miR-199a inhibited autophagy by suppressing the formation of autophagic vesicles (Supplementary Figure S2C) . Furthermore, mTOR and its downstream S6 ribosomal protein (S6), a classical signaling pathway involved in the inhibition of autophagy, were found to be activated in the miR-199a transgenic hearts under fed and starved conditions (Figure 3d ). miR-199a-mediated autophagy inhibition is cell autonomous and indispensable for cardiomyocyte hypertrophy. To further verify the direct role of miR-199a in the inhibition of cardiomyocyte autophagy, we overexpressed miR-199a in cardiomyocytes and induced the autophagic condition by starving the cardiomyocytes in serum/glucose-free media. As expected, the autophagic genes, Beclin1, LC3B, Atg5 and Atg12, were significantly upregulated upon starvation (Supplementary Figure S3A) . The expression of miR-199a Consistently, mTOR/S6 signaling was activated upon miR-199a overexpression ( Figure 4c ). We then infected primary cardiomyocytes with an adenovirus carrying GFP-LC3B fusion protein, which allows the visualization of autophagic structures as fluorescent puncta. The average number of puncta was reduced in miR-199a overexpression cardiomyocytes compared with that of control cells under both normal and starved condition (Figure 4d ). We also performed autophagic flux assay in vitro and found that miR-199a overexpression resulted in reduced LC3B-II levels and increased p62 accumulation under both basal and Figure S3D ), indicating a significant reduction in LC3B synthesis relative to controls. These data demonstrate that miR-199a overexpression inhibits cardiomyocyte autophagy in a cell-autonomous manner. We further tested whether reactivation of autophagy could attenuate the detrimental effects of miR-199a overexpression. We infected neonatal cardiomyocytes with an adenovirus expressing Atg5, which was essential in the early stages of autophagosome formation, and found that overexpression of Atg5 (Supplementary Figure S4A) could rescue the miR-199a-induced hypertrophic growth of cardiomyocytes and upregulation of β-MHC (Figures 4f and g, and Supplementary Figure S4B ). All these results indicate that inhibited cardiomyocyte autophagy might be one of the causes of cardiac hypertrophy induced by miR-199a overexpression.
miR-199a targets pro-autophagic and antihypertrophic glycogen synthase kinase 3β (GSK3β) to activate mTOR signaling. As mTOR signaling was found to be significantly activated in the miR-199a transgenic hearts, we then determined the potential mechanism of how mTOR signaling was activated by miR-199a. We screened the candidate miR-199a target mRNAs that have been reported to regulate mTOR signaling using TargetScan and identified GSK3β, whose mRNA 3′-UTR region comprised the seed sequences and flanking nucleotides matching miR-199a which is highly conserved among the human, mouse and rat ( Supplementary Figures S5A and B) . To confirm whether GSK3β was a direct target of miR-199a, we performed luciferase reporter assays in HEK293 cells. Cotransfection of miR-199a with the luciferase reporter gene linked to the wildtype 3′-UTR of GSK3β strongly inhibited the luciferase activity, while no effect was observed with the construct harboring a mutant fragment of GSK3β 3′-UTR (Figure 5a) . Moreover, the GSK3β protein levels were significantly decreased in heart tissues of miR-199a transgenic mice (Figure 5b) .
To further test whether GSK3β mediated the effect of miR-199a on the regulation of mTOR signaling, cardiomyocyte autophagy and cardiac hypertrophy, we developed Ad-GSK3β to overexpress GSK3β in cardiomyocytes (Supplementary Figure S5C) . We found that GSK3β overexpression could induce the expression of autophagic marker genes (Supplementary Figure S5D) , attenuate miR-199a-induced reduction of LC3B lipidation level and upregulation of autophagy substrate p62 level (Figure 5c ). miR-199a-activated mTOR signaling was significantly suppressed by GSK3β overexpression (Figure 5d ). We also found that GSK3β overexpression could rescue miR-199a-induced enlargement of cardiomyocyte cell surface area and upregulation of ANF (Figures 5e and f and Supplementary Figure S5E) . (f and g) Quantification of ejection fraction (EF) and fractional shortening (FS) in the hearts from miR-199a Tg mice and control mice at 3 and 7 months. Mean values ± SEM were determined by echocardiography. 3-Month-old control mice: n = 5; 3-month-old Tg mice: n = 6; 7-month-old control mice: n = 7; 7-month-old Tg mice: n = 8; *Po0.05
Function of miR-199a in cardiac autophagy Z Li et al All these observations suggest that GSK3β is the target of miR-199a and mediates the effects of miR-199a on mTOR signaling activation, cardiomyocyte autophagy and hypertrophy.
Rapamycin induces cardiac autophagy and attenuates cardiac hypertrophy in miR-199a transgenic mice. We next investigated whether inhibition of mTOR could induce cardiac autophagy and rescue the cardiac phenotypes of miR-199a transgenic mice. As rapamycin could inhibit mTOR and induce autophagy, [20] [21] [22] we treated 8-week-old miR-199a transgenic and control mice with rapamycin or vehicle daily for 1 week (Figure 6a ). Morphological and histological analyses of the hearts revealed that miR-199a transgenic mice treated with vehicle developed significant cardiac hypertrophy, whereas an attenuation of the cardiac hypertrophy was observed in miR-199a transgenic mice treated with rapamycin (Figure 6b ). The ratio of heart weight to body weight or tibia length was increased in miR-199a transgenic mice treated with vehicles compared with vehicle-treated control mice, whereas these two ratios were decreased in miR-199a transgenic mice treated with rapamycin ( Figure 6c ). The cell cross-section area was significantly reduced in rapamycin-treated miR-199a transgenic mice compared with vehicle-treated transgenic animals ( Figure 6d) . Expectedly, the activity of mTOR signaling was reduced in the miR-199a transgenic hearts treated with rapamycin, as demonstrated by decreased p-mTOR and p-S6 (Figure 6e) . Importantly, the conversion of LC3B-I to LC3B-II was enhanced in the miR-199a transgenic hearts treated with rapamycin compared with that of the vehicletreated groups, suggesting that rapamycin was sufficient to rescue autophagy reduction caused by miR-199a overexpression (Figure 6e) . Collectively, these data demonstrated that rapamycin could induce cardiac autophagy and attenuate cardiac hypertrophy in miR-199a transgenic mice.
Discussion
Our study provided the first in vivo data to demonstrate that cardiomyocyte-specific overexpression of miR-199a is sufficient to impair cardiomyocyte autophagy and induce cardiac hypertrophy, uncovering a new insight into the mechanism of miRNA-regulated cardiac hypertrophy. Most of our findings were carried out using the cardiomyocyte-specific miR-199a transgenic mice, which allowed dissecting the function and mechanism of miR-199a in a pathophysiological setting, as miR-199a overexpression has been observed in the mouse and human hypertrophic hearts ( Supplementary  Figures S1A and B) . [16] [17] [18] Consistent with the previous in vitro studies, 19 we demonstrated that overexpression of miR-199a was able to trigger cardiac hypertrophy and cause heart failure in vivo. It has been shown that miR-199a regulates cardiomyocyte size and mitochondrial fatty acid oxidation, 18 while our current study revealed that miR-199a inhibited cardiac autophagy in a cell-autonomous manner, suggesting a novel mechanism underlying miR-199a-induced cardiac hypertrophy. Supportively, rescue experiments using rapamycin administration or Atg5 overexpression proved that increased autophagy activity significantly attenuated miR-199a-induced cardiac hypertrophy, indicating a possible causal link between impaired autophagy and cardiac hypertrophy.
Our experiments identified miR-199a as a negative regulator of cardiomyocyte autophagy, demonstrated by the inhibited LC3B lipidation and enhanced p62 accumulation under both normal and starved conditions. However, there seemed to be some discrepancies regarding the LC3B and p62 alterations in response to starvation. Both the control and Tg hearts displayed enhanced autophagy under starvation indicated by a higher LC3B lipidation, but starvation failed to significantly decrease p62 level in the control hearts and rather induced a slight increase of p62 in the Tg hearts. With respect to the p62 level under starvation, we found that the p62 mRNA level was elevated in starved heart tissues (Supplementary Figure S2B) , suggesting a significant transcriptional upregulation of p62. which is consistent with previous studies in skeletal muscle. 23, 24 Moreover, a recent study indicates that the level of p62 in starved cells is determined by at least three factors: autophagic degradation, transcriptional upregulation, and availability of lysosomalderived amino acids, which suggests a complex effect of starvation on p62 level and implicates that the expression level of p62 does not always inversely correlate with autophagic activity. 25 On the other hand, as p62 level can also be modulated by a number of factors, 26, 27 miR-199a may affect these factors to induce p62 expression that may be even pronounced under starvation condition. Nevertheless, our study proposed that cardiac hypertrophy induced by miR-199a was at least partially due to inhibited cardiac autophagy, which was in favor of the concept that basal level of autophagy had a protective role in the maintenance of cardiac homeostasis.
Searching for molecular mechanisms underlying the role of miR-199a in suppressing cardiomyocyte autophagy and inducing cardiac hypertrophy, we found that mTOR signaling was significantly activated in transgenic hearts. Mechanistically, miR-199a targets GSK3β, a pro-autophagic and antihypertrophic gene, which has been shown to mediate mTOR suppression. 28, 29 Consistently, GSK3β expression was significantly downregulated and mTOR was activated in the hypertrophic hearts of miR-199a transgenic mice. Most importantly, we performed rescue experiments to confirm that GSK3β overexpression could inhibit the activity of mTOR, induce the autophagy and decrease the hypertrophic growth of cardiomyocytes induced by miR-199a. It has been established that mTOR signaling is a major negative regulatory axis of autophagy, and direct inhibition of mTOR is essential and sufficient to trigger autophagy induction. [20] [21] [22] mTOR pathway has also been shown to have a key regulatory function in cardiac hypertrophy. [30] [31] [32] [33] [34] mTOR activity is increased during the cardiomyocyte hypertrophic response to multiple pathological stimuli 30, 31 and mTOR inhibition significantly reduces cardiac hypertrophy. [31] [32] [33] [34] In our study, the rescue experiment using rapamycin suggested that mTOR activation had important roles in miR-199a-regulated cardiac autophagy and cardiac hypertrophy. However, we do not exclude the possible parallel autophagy independent roles of mTOR activation in miR-199a-induced cardiac hypertrophy.
In conclusion, we demonstrated that cardiomyocyte-specific miR-199a overexpression evoked cardiac hypertrophy by suppressing cardiac autophagy through activation of mTOR signaling. Further characterization of miRNAs regulating cardiac autophagy and hypertrophy might reveal more potential therapeutic targets for heart failure.
Materials and Methods
Cloning and expression of miRNAs. A 438-bp genomic fragment containing the miR-199a gene was amplified by PCR and ligated into adenoviral vectors to generate Ad-miR-199a using 293 A cells. PCR primers for miR-199a were as following: miR-199a sense: 5′-TTTCTCGAGGAAGATGCTCACCAGCCC TTTA-3′, and miR-199a antisense: 5′-TTTTCTAGAGCATCATCTTGCCAGCGACT-3′. miR-199a mimic oligonucleotides were synthesized and purified with highperformance liquid chromatography by GenePharma Co. Ltd (Shanghai, China). The mimic sequence is 5′-CCCAGUGUUCAGACUACCUGUUC-3′.
Isolation and culture of neonatal cardiomyocytes. Neonatal rat ventricular myocytes were isolated from 2-day-old pups, infected and stained as described. 35 Briefly, hearts from 1-2-day-old rats were aseptically removed. Their ventricles were dissected, minced and trypsinized overnight at 4°C. The next day, cells were dissociated with collagenase and preplated for 2 h at 37°C. The nonadherent cardiomyocytes were removed and plated in 24-well plates in DMEM/F-12 medium containing 10% FBS and 0.1 mM bromodeoxyuridine (Sigma, St. Louis, MO, USA). A total of 1 × 10 5 cells/cm 2 were seeded in 24-well plate for further experiments. This procedure yielded cultures with 90-95% cardiomyocytes, as assessed by microscopic observation of cell beating.
Generation of miR-199a transgenic mice. A mouse genomic fragment containing the miR-199a gene was amplified using primers 5′-TTTGTC GACCTGCAAATGTGCCACGTCAA-3′ and 5′-TTTGAATTCCTTACCCGCTGGTCT TCCCT-3′ and then sub-cloned into a cardiac-specific expression plasmid containing the α-MHC promoter and human growth hormone (GH) poly (A) signal. 35 To genotype the mouse, genomic DNA was isolated from mouse tail biopsy and analyzed by PCR using specific primers: 5′-ATGACAGACAGATCCCTCCTAT CTCC-3′ and 5′-GAATTCCTTACCCGCTGGTC TTCCCT-3′. miR-199a transgenic mice at 3 and 7 months of age were used for functional and histological studies and were compared with their sex-matched wild-type littermates.
Western blotting analysis. Western blottings were carried out on myocardial extracts as described. 12 In all, 30 μg of proteins were electrophoresed on 12% SDS-PAGE and transferred onto PVDF membranes. Immunoblotting was performed according to the manufacturer's instructions using the following antibodies: GSK3β, p62, LC3B, p-mTOR, p-S6 S235-236 (Cell Signaling, Beverly, MA, USA), and GAPDH (Santa Cruz, Dallas, TX, USA).
Luciferase assay. For target assay, we performed luciferase reporter experiments in the HEK293 cells. The 3′-UTR fragment of GSK3β was amplified using primers 5′-TTTAGATCTCCTTCTGCATCAGCTTCCAACTC-3′ and 5′-TTTAC GCGTTCTTTCCAAACGTGACCAGTGT-3′ and cloned into pGL3-CM luciferase reporter vector (Ambion, Grand Island, NY, USA). The construct (Luc-GSK3β mutant) containing a mutated GSK3β-UTR (ACACUGG was mutated to ACGCGU) was also constructed. For luciferase assay, reporter plasmids were co-transfected using lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA). The phRG-TK vector (Promega, Madison, WI, USA), which expresses a synthetic renilla luciferase, was used for normalizing transfection efficiency. After transfection, luciferase activities were measured with a Dual Luciferase Reporter Assay Kit (Invitrogen) using LB 960 Centro XS3 luminometer (Berthold Technologies, Bad Wildbad, Germany). 36 Transthoracic echocardiography measurement. Cardiac function and heart dimensions were evaluated by echocardiography as described. 35 Briefly, mice were anesthetized with tribromoethanol and analyzed for anatomy and function on a Vivid 7 Dimension cardiovascular ultrasound system with a 12-MHz microprobe (GE Healthcare, Buckinghamshire, UK). Echocardiographic measurements were taken on M-mode in triplicate from more than five separate mice per group.
Autophagic flux assays. To measure autophagic synthesis versus degradation, LC3B-II protein levels were quantified with and without lysosomal inhibitor under different conditions. To inhibit lysosomal function, media containing 50 μM chloroquine (Sigma) was added to the cardiomyocytes for 4 h. 
